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The core of the rotavirion consists of three proteins, including the viral RNA polymerase, and 11 segments of double-
stranded (ds)RNA. The RNA polymerase of disrupted (open) cores is able to catalyze the synthesis of dsRNA from exogenous
viral mRNAs in vitro. In this study, we have identified sequences in exogenous viral mRNAs important for RNA replication
using antisense oligonucleotides. The results showed that oligonucleotides complementary to the highly conserved 39-
terminal sequence of rotavirus mRNAs prevented all but basal levels of dsRNA synthesis. Notably, we observed that the
addition of oligonucleotides which were complementary to nonconserved sequences present either at the 59- or 39-end of
a viral mRNA effectively inhibited its replication without interfering with the replication of other viral mRNAs present in the
same replication assay. Thus, the nonconserved sequences in rotavirus mRNAs contain gene-specific information that
promotes RNA replication. The fact that antisense oligonucleotides inhibited dsRNA synthesis indicates that the stranded-
ness (single- versus double-stranded) and secondary structure of the viral mRNA template are factors that affect the
efficiency of minus strand synthesis. © 2001 Academic Press
INTRODUCTION
Rotaviruses, members of the family Reoviridae, are a
major cause of acute gastroenteritis in humans and
other animal species (Estes, 1996). The rotavirus capsid
is a triple-layered icosahedron containing 11 segments
of double-stranded (ds)RNA (Prasad et al., 1988). The
innermost layer is formed by the RNA-binding protein
VP2 (125 kDa), organized as a T 5 1 matrix (Lawton et
al., 1997b). Associated with each of the vertices of the
VP2 matrix is one copy each of the RNA polymerase VP1
(Valenzuela et al., 1991) and the capping enzyme VP3
(Chen et al., 1999; Liu et al., 1992; Pizzaro et al., 1991).
VP1, VP2, VP3, and the dsRNA genome constitute the
core of the virion (Patton and Spencer, 2000). Double-
layered particles, representing cores surrounded by the
intermediate layer protein VP6, possess transcriptase
activity that catalyzes the synthesis of the 11 viral mRNAs
(Cohen, 1977; Lawton et al., 1997a; Sandino et al., 1986).
The rotavirus mRNAs are unique in that, although con-
taining 59-caps, they lack 39-poly(A) tails (Imai et al., 1983;
McCrae and McCorquodale, 1983). Except for short se-
quences at their 59-termini, 59-GGCpoly(A/U)-39, and 39-
termini, 59-UGUGACC-39, the viral mRNAs lack sequence
similarity. Following packaging into core-like replication
intermediates, the viral mRNAs serve as templates for1 To whom correspondence and reprint requests should be ad-
ressed. E-mail: espencer@lauca.usach.cl.
71the synthesis of the viral dsRNA genome (Gallegos and
Patton, 1989; Patton and Gallegos, 1990).
Cell-free systems that support the synthesis of rotavi-
rus dsRNA have been used to define the role of viral
proteins in RNA replication and to locate cis-acting sig-
nals within viral mRNAs important for minus strand syn-
thesis (Chen et al., 1994; Patton, 1986). The initial cell-
free system to be described contained subviral particles
from infected cells and supported the replication of
dsRNA from endogenous mRNA and the packaging of
the dsRNA product into immature capsids (Gallegos and
Patton, 1989; Helmberger-Jones and Patton, 1986). More
recently, a cell-free system has been developed that
efficiently supports the replication of exogenous viral
mRNA (Chen et al., 1994). The source of replicase activity
in this system is cores purified from virions and disrupted
by incubation in hypotonic buffer. Because of the inclu-
sion of “open” cores, the system contains not only VP1,
VP2, and VP3, but also the 11 dsRNA genome segments.
Studies with the open core replication system have
shown that deletion of the 39-conserved sequence UGU-
GACC prevents rotavirus mRNAs from serving as tem-
plates for minus strand synthesis (Patton et al., 1996;
Wentz et al., 1996). Moreover, chimeric RNAs generated
by adding just the 39-conserved sequence to the end of
foreign RNAs are able to replicate in the open core
system, albeit at levels lower than full-length rotavirus
RNAs (Patton et al., 1996). These results indicate that the
39-conserved sequence functions as the minimal essen-
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RO ETtial promoter for minus strand synthesis (Wentz et al.,
1996). Deletion mutagenesis has shown that other se-
quences in rotavirus mRNAs, although not essential for
minus strand synthesis, act to enhance the efficiency of
the process. In particular, removal of either the 59-UTR or
sequences in the 39-UTR upstream of the 39-conserved
sequence reduces replication efficiency in vitro (Patton
et al., 1996, 1999a; Ramig, 1997; Wentz et al., 1996).
Predictions of the secondary structure of rotavirus
mRNAs indicate that complementary sequences of the
59-UTR and in the 39-UTR may interact in cis in such a
way as to give an overall panhandle shape to the mRNAs
(Chen and Patton, 1998; Patton and Spencer, 2001). RNA
modeling also indicates that the 39-consensus sequence
extends from the panhandle as a single-stranded tail, a
conformation that has been shown in vitro to be impor-
tant for minus strand synthesis (Chen and Patton, 1998;
Chen et al., 2001). The formation of the panhandle may
be essential for presenting the 39-consensus sequence
in a manner that is sterically accessible to the RNA
polymerase, thereby allowing for the formation of the
initiation complex for minus strand synthesis (Chen and
Patton, 2000).
In the present study, antisense oligonucleotides were
used in open core replication assays to identify se-
quences in rotavirus mRNAs important for minus strand
synthesis. The analysis showed that oligonucleotides
which were of sufficient length and fully complementary
to the 39-consensus sequence of the mRNAs inhibited
dsRNA synthesis to near completion. Remarkably, we
also observed that the addition of oligonucleotides com-
plementary to nonconserved sequences at either the
59-end or 39-end of one viral mRNA moderately inhibited
replication of that RNA in open core assays without
interfering with the replication of other viral mRNAs.
Thus, the nonconserved sequences in rotavirus mRNAs
contain gene-specific information that contributes to the
efficient synthesis of dsRNA synthesis. This study sug-
gests that the secondary structures assumed by noncon-
served sequences near the ends of the viral mRNAs are
an important determinant in RNA replication.
RESULTS
Gene-specific inhibition of replication with antisense
oligonucleotides
To determine whether an oligonucleotide complemen-
tary to the 39-terminal sequence of a viral mRNA could
specifically block its replication in the open core system,
oligonucleotides complementary to the last 14 nucleo-
tides of the SA11 gene 6 (G6 39-C14) and gene 8 (G8
39-C14) mRNAs were prepared. Notably, although the
39-terminal 8 nucleotides of the gene 6 and 8 mRNAs are
72 BARidentical, the 6 residues upstream of this stretch are
different:
s
o39-end SA11 g6 59. . . . . GAGAGGAUGUGACC-39
u u u u u u u u
39-end SA11 g8 59. . . . . GCGCUUAUGUGACC-39.
Concentrations of each oligonucleotide ranging from 20
to 500 nM were incubated with constant amounts of
either 0.1 mg of gene 6 (10 nM) or gene 8 (14 nM) mRNA
in the open core system, and the RNA products were
resolved by SDS–PAGE and quantified by phosphorim-
aging (Fig. 1). The analysis showed that at all concen-
trations tested, the gene-6- and gene-8-specific oligonu-
cleotides had a significant inhibitory effect on the syn-
thesis of the gene 6 and gene 8 dsRNAs, respectively.
Even when the molar ratio of each of the oligonucleo-
tides to its cognate mRNA was #2:1 (20 nM oligonucle-
otide to 10 nM gene 6 or 14 nM gene 8 mRNA), the
oligonucleotide efficiently inhibited replication, reducing
dsRNA synthesis by .fivefold. In contrast, the gene-6-
specific oligonucleotide had no inhibitory affect on gene
8 replication and the gene-8-specific oligonucleotide had
no inhibitory affect on gene 6 replication. Thus, the an-
tisense oligonucleotides inhibited RNA replication in a
gene-specific manner.
The antisense oligonucleotide G5 39-C21 is comple-
mentary to the 39-terminal 21 nucleotides of the gene
5 mRNA of rotavirus SA11 (Fig. 2). When 4 to 600 nM
G5 39-C21 was included in replication assays contain-
ing DxRRV open cores and 0.2 mg of total SA11 mRNA,
FIG. 1. Inhibition of dsRNA synthesis by oligonucleotides comple-
mentary to the 39-ends of viral mRNAs. The oligonucleotides G6-39-C14
and G8-39-C14 are inversely complementary to the 39-terminal 14 nu-
cleotides of rotavirus gene 6 and gene 8 mRNAs, respectively. The
indicated concentrations of the oligonucleotides were included in rep-
lication assays containing SA11-4F open cores and 0.1 mg of gene 6
mRNA (11 nM) (A) or gene 8 mRNA (14 nM) (B). The dsRNA products
were analyzed by SDS–PAGE and autoradiography and quantified with
a phosphorimager. The values were normalized to that of the reaction
mixture containing gene 6 or gene 8 mRNA but lacking oligonucleotide,
which was taken as 100%. Lane 2 (A and B) represents products
recovered from replication assays containing no exogenous viral
mRNA.
AL.ynthesis of gene 5 dsRNA was inhibited but synthesis
f the other 10 dsRNAs was not notably affected (Fig.
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SP1 pr3A). The total SA11 mRNA included in the assays was
made in vitro by transcriptionally active double-layered
particles, and the addition of 0.2 mg of the mRNA into
the reaction mixtures was estimated to give a final
concentration of gene 5 mRNA of 1.6 nM. The amount
of gene 5 dsRNA made in the assays was normalized
to that of gene 6. The fact that the presence of 4 nM G5
39-21 in an assay containing 1.6 nM gene 5 mRNA
inhibited gene 5 dsRNA synthesis by ;threefold
howed, as above (Fig. 1), that even low levels of
ntisense oligonucleotides can effectively interfere
ith RNA replication in the open core system. In ex-
FIG. 2. Sequences of oligonucleotides complementary to the 59- and
ends of the 1610-base gene 5 mRNA are indicated. The ORF for the N
ROTAVIRUS MINUS-eriments where the G5 39-21 oligonucleotide was
39-end DxRRV g5 59-UCUGGACUAGAGUAGCtotal DxRRV mRNA, the replication of the gene 5
DxRRV mRNA was not reduced nor was the replication
of any other mRNA, even when 500 nM oligonucleotide
was present (Fig. 3B). Taken together, the results dem-
onstrated that replication of mRNAs in the open core
system was specifically inhibited with antisense oli-
gonucleotides containing sequences complementary
to the 39-end of the RNAs. As illustrated below, the
39-terminal sequences of the gene 5 mRNAs of SA11
and DxRRV differ by only a limited number of nucleo-
tides. However, as shown in Fig. 3, these differences
are sufficient to prevent the SA11 gene-5-specific an-
s of SA11-4F gene 5 mRNA. Nucleotide coordinates of residues at the
otein encoded by the RNA extends from coordinates 31 to 1521.
73D RNA SYNTHESIStisense oligonucleotide from inhibiting replication of
dded to assays containing SA11-4F open cores and the DxRRV gene 5 mRNA in the open core system:
39-end SA11 g5 59-UCCAGACUAGAGUAGCGCCUAGCUGGCAAAAUACUGUGAACC-39
u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u uSTRANGCCUAGCCAGCAAAA ACUGUG ACC-39.
gene 5 value obtained for the reaction mixture containing no added
oligonucleotide, which was set at 100%.
of replication values for gene 5 were normalized to those for gene 6 as descri
added oligonucleotide.
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nucleotide to inhibit replication, a series of oligonucleo-
tides, 3 to 21 nucleotides in length (G5 59-C3 to -C21) (Fig.
2), was prepared which were complementary to the 39-
end of the SA11 gene 5 mRNA. The oligonucleotides
were then added to reaction mixtures containing
SA11-4F open cores and total SA11-4F mRNA. Analysis
of the products showed that in reaction mixtures con-
taining antisense oligonucleotides of $12 nucleotides,
the synthesis of gene 5 dsRNA was inhibited by .95%
(Fig. 4). Oligonucleotides of #9 nucleotides had little
effect (G5 59-C3, -C6) or only an intermediate effect (G5
59-C9) on gene 5 dsRNA synthesis, possibly due to the
instability of the DNA–RNA hybrids formed with the
shorter oligonucleotides.
Importance of strandedness of the 39-conserved
sequence on RNA replication
To identify residues at the 39-end of the gene 5 mRNA
that must be annealed to an oligonucleotide for replica-
tion to be inhibited, a series of oligonucleotides, desig-
nated G5 39-C3 to -C18 in Fig. 2, was prepared. The
design of these oligonucleotides was such that when
annealed to the gene 5 mRNA, the last 3, 6, 9, 12, 15, or
18 nucleotides of the 39-terminus of the RNA would be
expected to be in a single-stranded form. The 39-end of
all the oligonucleotides in this series terminated with
same residue, which is complementary to C-1590 of the
gene 5 mRNA (Fig. 2). The impact of these oligonucleo-
tides on replication was examined in assays containing
SA11-4F open cores and total SA11-4F mRNA, and the
amount of gene 5 dsRNA product was normalized to the
amount of gene 6 dsRNA product. As shown in Fig. 4,
oligonucleotides G5 39-C15 and -C18 inhibited gene 5
dsRNA synthesis by .90%, despite the fact that these
oligonucleotides when annealed to the gene 5 mRNA left
the last 3 and 6 nucleotides, respectively, of the 39-
terminus in an un-base-paired form (Fig. 2). These re-
t replication. As illustrated in Fig. 2, the oligonucleotides of series G5
es) and are complementary to sequences including or adjoining the
luded in reaction mixtures containing exogenous SA11-4F total mRNA
ere analyzed by SDS–PAGE and autoradiography and the percentage
AL.FIG. 3. Inhibition of gene 5 replication with a 39-complementary oligo-
nucleotide. Replication assays were performed which contained (A) exog-
enous SA11-4F mRNA (0.2 mg) and DxRRV open cores (1 mg) or (B) DxRRV
mRNA (0.2 mg) and SA11-4F open cores (1 mg) and the indicated concen-
tration of an oligonucleotide (G5-39-C21) complementary to the 39-terminal
21 nucleotides of the SA11-4F gene 5 mRNA (Fig. 2). The dsRNA products
of the reaction mixtures were analyzed by SDS–PAGE and autoradiogra-
phy. To determine the percentage of replication, the levels of gene 5 and
gene 6 dsRNA products were quantified with a phosphorimager. For each
reaction, the value for gene 5 was then normalized to that of gene 6.
Subsequently, the normalized gene 5 values were adjusted relative to the
74 BARFIG. 4. Identification of sequences at the 39-end of gene 5 mRNA importan
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stream of the last 6 residues of the 39-end of the RNA
influences the efficiency of gene 5 dsRNA synthesis. In
contrast to oligonucleotides G5 39-C15 and -C18, G5
39-C3, -C6, -C9, and -C12 had little negative impact on
gene 5 replication in the open core system (Fig. 4). The
fact that G5 39-C15 inhibited gene 5 dsRNA synthesis
while G5 39-C12 did not suggested that the strandedness
of the CUG sequence at position 1602 to 1604 of the
gene 5 mRNA is important for replication. However, it is
possible that the shorter oligonucleotides, including the
12-nucleotide G5 39-C12, did not inhibit replication be-
cause they were not of sufficient length to form stable
duplexes with the RNA template. It should be noted
though that G5 59-C12 (Fig. 2), a 12-nucleotide oligonu-
cleotide complementary to the precise 39-end of the
gene 5 mRNA inhibited replication by .20-fold, implying
that G5 39-C12 was of sufficient length to form a stable
duplex with the mRNA template (Fig. 4). Indeed, the fact
the 9-nucleotide oligonucleotide G5 59-C9 was able to
inhibit replication to an intermediate level suggested that
oligonucleotides even of ,12 nucleotides annealed to
the mRNA template in the open core assay system.
To evaluate further the importance of the strandedness of
the 39-conserved sequence on dsRNA synthesis, another
FIG. 5. Inhibition of dsRNA synthesis by oligonucleotides complemen
(Fig. 2) are 21 nucleotides in length and anneal to SA11-4F gene 5 mR
a single-stranded form. The oligonucleotides (11.7 nM) were included
xRRV open cores (1 mg) or (B) exogenous DxRRV mRNA (0.2 mg) and S
nalyzed by SDS–PAGE and autoradiography and the percentage of re
n the legend for Fig. 3. The control reaction mixtures contained no ad
ROTAVIRUS MINUS-series of oligonucleotides was prepared which were com-
plementary to the 39-end of the SA11 gene 5 mRNA (Fig. 2,
5
221-2 to 21-8). In this case, the oligonucleotides were 21
nucleotides in length and overlapping in sequence such
that when annealed to the SA11 gene 5 mRNA, they formed
duplexes in which the 39-terminal 3, 6, 9, 12, 15, 18, or 21
nucleotides were expected to be un base paired. The 21-
nucleotide length of the oligonucleotides was sufficient to
assure that they could form stable duplexes with the gene
5 mRNA template. The effect of these oligonucleotides on
replication was examined in assays containing DxRRV
open cores and total SA11-4F mRNA (Fig. 5A). As expected
from the experiments described above, the synthesis of
gene 5 dsRNA was inhibited .95% in reaction mixtures
containing oligonucleotides that annealed to residues 1590
to 1610 (G5 59-C21) or 1587 to 1607 (21-2) of the RNA and
that left none (G5 59-C21) or only 3 (21-2) nucleotides at the
39-end in an un base paired form (Fig. 2). Addition of oligo-
ucleotides 21-2 to 21-8 to the open core assays all re-
uced the synthesis of gene 5 dsRNA, but the extent of
nhibition was variable and significantly less than that
aused by G5 59-C21 and 21-2. The oligonucleotides 21-4
nd 21-5, which annealed to residues 1581 to 1601 and
578 to 1598 (Fig. 2), had the least effect on gene 5 dsRNA
ynthesis, reducing its level by #33%. The degree of inhi-
ition caused by 21-3, which annealed to residues 1584 to
604, was intermediate to the high levels achieved with G5
the 39-end of gene 5 mRNA. The oligonucleotides of series 21-2 to 21-8
h that the last 3 to 21 nucleotides (in steps of 3) of the RNA are left in
tion mixtures containing (A) exogenous SA11-4F mRNA (0.2 mg) and
open cores (1 mg). The dsRNA products of the reaction mixtures were
n values for gene 5 were normalized to those for gene 6 as described
igonucleotide.
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was important for replication. Notably, the oligonucleotides
21-6, 21-7, and 21-8, which annealed to residues 1575 to
1595, 1572 to 1592, and 1569 to 1582, respectively, inhibited
gene 5 dsRNA synthesis by $50%. Therefore, the strand-
edness or structure of the sequence that is .15 nucleo-
ides upstream of the 39-terminus of the gene 5 mRNA is
mportant for replication.
When this same series of oligonucleotides was in-
luded in assays containing SA11-4F open cores and
otal DxRRV mRNA, the presence of oligonucleotides
1-2, 21-3, 21-4, or 21-5 had no impact on the synthesis of
xRRV gene 5 dsRNA (Fig. 5B). Presumably, these
A11-4F gene-5-specific oligonucleotides did not inhibit
xRRV gene 5 dsRNA synthesis because of the differ-
nces in the sequence of the last 19 nucleotides of the
ene 5 mRNAs of SA11-4F and DxRRV (see the sequence
omparison presented above). In contrast, the oligonu-
leotides 21-6, 21-7, and 21-8 reduced the synthesis of
xRRV gene 5 dsRNA and to an extent similar ($50%) to
that observed in assays containing the SA11 gene 5
mRNA as template (Fig. 5A). The ability of oligonucleo-
tides 21-6, 21-7, and 21-8 to inhibit the synthesis of
DxRRV gene 5 dsRNA probably reflects the fact that the
sequences to which these oligonucleotides are comple-
mentary are nearly identical in the gene 5 mRNAs of
DxRRV and SA11-4F. Indeed, the sequence of residues
1573 to 1591 of the SA11-4F gene 5 mRNA are also found
in the DxRRV gene 5 mRNA.
Mechanism of oligonucleotide-mediated inhibition of
dsRNA synthesis
The addition of oligonucleotides complementary to
sequences upstream of the 39-conserved end of gene 5
mRNA inhibited replication of the RNA in the open core
system (Fig. 5). The oligonucleotides may have inhibited
dsRNA synthesis either by interfering with the initiation
of minus strand synthesis or by halting elongation of the
minus strand RNA at the site on the template at which
the oligonucleotides were annealed. If the latter was
correct, then the products of open core assays should
have included short abortive minus strand RNA products.
To test for this possibility, replication assays were per-
formed which contained SA11-4F open cores, DxRRV
mRNA, and, in one case, the oligonucleotide 21-8. This
oligonucleotide anneals 21 nucleotides upstream from
the 39-end of gene 5 mRNA (Fig. 2) and inhibits the
synthesis of gene 5 dsRNA (Fig. 5). The products of the
reactions were analyzed by electrophoresis on a 10%
polyacrylamide gel to detect full-length dsRNAs and on a
20% polyacrylamide–urea gel to detect small RNAs (Fig.
6). The results showed no evidence of the production of
short radiolabeled RNAs in the assay mixture containing
6 BARthe oligonucleotide, suggesting that the antisense mol-
ecule did not inhibit replication by interfering with theelongation of the minus strand RNA on the gene 5 mRNA
template. Rather these data raised the possibility that
oligonucleotides, even those that annealed to the tem-
plate RNA at sites spacially removed from the 39-terminal
conserved sequence, inhibited dsRNA synthesis by im-
peding minus strand initiation.
Three oligonucleotides were identified which, despite
being complementary to sequences of SA11 gene 5
mRNA, had little or no effect on the replication of the RNA
in the open core system (data not shown). Two of the
oligonucleotides [59-CCAAGAATCAACATGATG-39 (1271–
1254) and 59-TATTGACATTGG-39 (1425–1414)] annealed
to regions within the ORF and the other [59-GTCTTGT-
GATGGCTAAATACT-39 (1566–1546)] annealed to a region
in the center of the 39-UTR. The results obtained with
these oligonucleotides supported the idea that binding of
oligonucleotides to the mRNA template does not inter-
fere with minus strand elongation.
Inhibition of replication by oligonucleotides
complementary to the 59-end of the mRNA template
FIG. 6. Products made by open cores in the presence of an oligo-
nucleotide inhibiting minus strand synthesis. The oligonucleotide 21-8
(Fig. 2) is complementary to a region of gene 5 mRNA beginning 21
nucleotides upstream of the 39-end. (A) The products of replication
assays containing SA11-4F open cores alone, open cores and (0.2 mg)
xRRV mRNA, or open cores, mRNA, and 11.7 nM oligonucleotide 21-8
ere analyzed by SDS–PAGE and autoradiography. (B) The products of
reaction mixture containing open cores and mRNA and a reaction
ixture, scaled up to the equivalent of 53 the size of a standard
eaction mixture, containing open cores, mRNA, and the oligonucleo-
ide were analyzed by electrophoresis on a 20% polyacrylamide gel
ontaining 7 M urea and by autoradiography. The location of a 20-
ucleotide oligonucleotide marker electrophoresed in the polyacryl-
mide–urea gel is indicated.
AL.Previous studies have indicated that the 59-end of
rotavirus mRNAs contains information that enhances
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hancement process may be mediated by the interaction
of complementary sequences at or near the 59- and
39-ends of the mRNAs (Patton and Spencer, 2001). To
explore the importance of strandedness on the ability of
the 59-end to enhance dsRNA synthesis, a set of oligo-
nucleotides was prepared that were 15 nucleotides in
length and complementary to the 59-end of SA11-4F gene
5 mRNA. Hypothetically, DNA–RNA duplexes formed with
the oligonucleotides would leave 0 (15-0), 5 (15-5), 10
(15-10), 15 (15-15), or 20 (15-20) residues at the 59-end of
the mRNA in an un-base-paired form (Fig. 2). The oligo-
nucleotides were incubated with SA11-4F open cores
and SA11-4F mRNA, and the reaction products were
analyzed by SDS–PAGE. The results showed that in all
assays containing the oligonucleotides, the synthesis of
gene 5 dsRNA relative to gene 6 dsRNA was reduced by
two- to fivefold (Fig. 7). Interestingly, the extent of inhibi-
tion was approximately twofold higher for oligonucleo-
tides annealed at positions beginning 15 to 20 nucleo-
tides downstream from the 59-end of the mRNA than
those oligonucleotides which annealed closer to the
59-end. Taken together, these data indicated that the
strandedness or structure of sequence at the 59-end of
the mRNA was important for efficient dsRNA synthesis in
the open core system, including regions of the RNA
located 20 or more nucleotides (15-20) from the 59-end.
Notably, while annealing of oligonucleotides to the 39-
end of the gene 5 mRNA that left none or only a few of the
terminal residues in an un-base-paired form resulted in
nearly complete inhibition of dsRNA synthesis (Fig. 5A),
the annealing of oligonucleotides to the 59-end of the
mRNA that left none or only a few residues in an un-
base-paired form, appeared to reduce dsRNA synthesis
to a lessor extent (;50%).
FIG. 7. Inhibition of dsRNA synthesis by oligonucleotides complemen
(Fig. 2) are 15 nucleotides in length and anneal to SA11-4F gene 5 m
un-base-paired form. The oligonucleotides (11.7 nM) were included in r
xRRV open cores. In some cases, the mRNA and oligonucleotides we
rior to addition to the reaction mixture (heating–cooling). The dsR
utoradiography and the amounts of gene 5 and gene 6 dsRNA produ
as normalized to that of gene 6. Subsequently, these values were adjus
ligonucleotide, which was set at 100%.
ROTAVIRUS MINUS-We were concerned that stable secondary structures
involving the 59-end of rotavirus mRNAs may have pre-vented oligonucleotides 15-0 to 15-20 (Fig. 2) from suc-
cessfully annealing to the entire population of gene 5
mRNA added to the open cores assays (Fig. 7). If this
was the case, then the ;50% reduction in gene 5 dsRNA
synthesis that we observed with 15-0, 15-5, and 15-10
may have underestimated the impact that these oligonu-
cleotides have on RNA replication when annealed to the
mRNA template. Because of this concern, total SA11
mRNA was mixed with each of the oligonucleotides com-
plementary to the 59-end of gene 5 mRNA (15-0 to -20).
The mixtures were heated to remove secondary struc-
tures in the RNA and then slowly cooled to allow anneal-
ing of the oligonucleotides to the denatured RNA. Anal-
ysis of the mixtures in open core assays showed that the
level of gene 5 dsRNA synthesis was not significantly
changed by denaturation–renaturation in the presence of
the oligonucleotides (Fig. 7). Therefore, the maximum
inhibition of dsRNA synthesis inhibition that can be ob-
tained with oligonucleotides complementary to the ex-
treme 59-end of gene 5 mRNA is 50% and is not the 100%
that can be obtained with oligonucleotides complemen-
tary to the extreme 39-end of the mRNA. This suggests
that the strandedness of the 39-end of the viral mRNAs is
more critical to RNA replication than is that of the 59-end.
DISCUSSION
Rotaviruses use the same viral RNA polymerase ma-
chinery to replicate their 11-genome segments. This im-
plies that the 11 mRNAs that serve as templates for
dsRNA synthesis will share one or more cis-acting sig-
nals that promote minus strand synthesis. In contrast to
deletion of other sequences of viral mRNAs, deletion of
the 39-conserved sequence nearly fully inhibits the ability
of the mRNAs to replicate in open core assays (Patton et
he 59-end of gene 5 mRNA. The oligonucleotides of series 15-0 to 15-20
uch that 0 to 20 nucleotides (in steps of 5) of the 59-end exist in an
mixtures containing 0.2 mg of exogenous SA11-4F mRNA and 1 mg of
bined, heated to 95°C for 5 min, and slowly cooled (1°C/min) to 32°C
oducts of the reaction mixtures were analyzed by SDS–PAGE and
tified with a phosphorimager. For each reaction, the value for gene 5
ative to the value obtained for the reaction mixture containing no added
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sequence represents a common cis-acting replication
o
ich insignal among the viral mRNAs. The fact that chimeric
RNAs produced by adding the 39-conserved sequence to
nonrotaviral RNAs are replicated much less efficiently
than full-length viral mRNAs indicates that other se-
quences within rotavirus mRNAs also promote efficient
minus strand synthesis (Patton et al., 1996). Mutagenesis
has demonstrated that these other sequences include
those that are not conserved among the 11 viral mRNAs
and that are located within the 59-UTR, 39-UTR, and ORF
(Patton et al., 1999a). The mechanism by which the gene-
specific sequences act to promote dsRNA synthesis is
unknown, but is likely to be mediated by their participa-
tion in the folding of the mRNA template in a way that
allows efficient binding of RNA polymerase and forma-
tion of the initiation complex for minus strand synthesis
(Chen and Patton, 2000). The observation that RNA poly-
merase binds poorly to viral dsRNA (Patton and Chen,
1999) and that the efficiency of dsRNA synthesis is af-
fected by the extent of complementation between the
39-conserved sequence and 59-end of viral mRNAs (Chen
and Patton, 1998) indicate that RNA structure plays an
important role in rotavirus RNA replication.
In this study, we have used antisense oligonucleotides
to identify sequences in rotavirus mRNAs that contribute
to efficient dsRNA synthesis in the open core replication
system. Our analysis has indicated that annealing of
oligonucleotides complementary to gene-specific se-
quences can inhibit the replication of one viral mRNA in
the assay system without affecting the replication of the
other 10 mRNAs. This finding provides additional support
for the hypothesis that segment-specific replication sig-
nals located in nonconserved subterminal regions in
rotavirus mRNAs promote minus strand synthesis
FIG. 8. Comparative impact of 39 antisense oligonucleotides on repli
pen core system by ;90% or more are indicated with double-da
single-dashed lines. Asterisks indicate the 39-conserved sequence, wh
at the 24 position.
78 BAR(Ramig, 1997; Wentz et al., 1996). The subterminal re-
gions may include recognition signals for the viral RNApolymerase and signals that direct the specific packag-
ing of the mRNA template into replication intermediates.
The annealing of oligonucleotides to the mRNA tem-
plate that inhibit dsRNA synthesis obviously does not
change the sequence of the template, but rather
changes the structure of the RNA by forming an RNA–
DNA duplex at a site that was previously un base paired
or that contributes to the folding of the RNA. The ability of
oligonucleotides complementary to gene-specific se-
quences to inhibit replication indicates that RNA struc-
ture has an impact on the efficiency of dsRNA synthesis
and that nonconserved sequences participate in folding
of the RNA in a way that promotes dsRNA synthesis. We
found no evidence to suggest that abortive minus strand
RNA products were made by the viral RNA polymerase in
the presence of oligonucleotides that inhibited replica-
tion. As a consequence, we believe that correct folding of
the RNA is required for efficient minus strand initiation
and is not necessarily a factor in minus strand elonga-
tion. Indeed, earlier studies have led to the idea that
correct RNA folding is required to present the 39-end of
the viral mRNA template in a way that is readily acces-
sible to RNA polymerase, thereby allowing the formation
of the minus strand initiation complex (Chen and Patton,
2000).
Oligonucleotides complementary to gene-specific se-
quences of rotavirus gene 5 mRNA that annealed begin-
ning 20 nucleotides from the 59-end and 15 nucleotides
from the 39-end (Fig. 8) both inhibited minus strand syn-
thesis. Not only does this indicate that the strandedness
or structure of sequences at the 59- and 39-ends are
important for minus strand synthesis, but the data reveal
that sequences distantly removed from the conserved
Oligonucleotides inhibiting the synthesis of SA11 gene 5 mRNA in the
nes. Those inhibiting synthesis by ;50 to 90% are indicated with
the case of the SA11 gene 5 mRNA is atypical, containing an extra A
AL.cation.
shed li
RO ETends of the RNA also contribute to efficient minus strand
synthesis. Oligonucleotides complementary to se-
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STRANquences at the 59-end and nonconserved sequences at
the 39-end of gene 5 mRNA reduced dsRNA synthesis to
levels comparable to those obtained by deleting such
sequences from the mRNA template (Patton et al., 1996,
1999a). The extent of inhibition reached with these oli-
gonucleotides was generally not as great as that
reached with oligonucleotides that included sequences
complementary to the 39-conserved sequence (Fig. 8).
Comparatively, this result indicates that the stranded-
ness or structure of the 39-consensus sequence is a
more important factor in dsRNA synthesis. Interestingly,
site-specific mutagenesis of viral mRNAs analyzed in the
open core system has indicated that the 39-terminal CC
found on all rotavirus mRNAs are essential for obtaining
all but low levels of dsRNA synthesis (Chen et al., 2001).
utagenesis of the other residues of the 39-consensus
equence, particularly the UGUG stretch, has much less
ffect on dsRNA synthesis in vitro. Indeed, the isolation
f nondefective rotavirus variants which have mutations
n the UGUGA portion of the 39-consensus sequence
pstream shows that the sequence of this portion is not
ecessary for minus strand synthesis (K. Kearney, D.
hen, and J. T. Patton, unpublished results). Notably,
lthough the sequence of the UGUGA portion may not be
mportant for dsRNA synthesis, the fact that oligonucle-
tides that are complementary to this sequence can
educe replication by .10-fold (e.g., G5 39-C15 and -C18)
mplies that the strandedness or structure of the UGUGA
ortion is important to replication. The conservation of
he last seven nucleotides at the 39-end of rotavirus
RNAs may be more a reflection of the existence of a
ranslation enhancer at this site than in the role of the
ucleotides in promoting minus strand synthesis
Chizhikov and Patton, 2000; Poncet et al., 1994).
MATERIALS AND METHODS
reparation of virus and open cores
Rotavirus strains SA11-4F and DxRRV were grown in
A104 cells and purified by CsCl centrifugation (Mattion
nd Estes, 1991; Midthun et al., 1985). Double-layered
articles and open cores were prepared from purified
irions as described previously (Patton et al., 1999b).
Synthesis of total viral mRNAs
The 11 viral mRNAs were synthesized in 0.5-ml reac-
tion mixtures containing double-layered particles, 120
mM Tris–HCl (pH 8.5), 1 mM MgCl2, 40 mM NaCl, 0.1 mM
S-adenosylmethionine, 0.2 mM each ATP, CTP, GTP, and
UTP (Sandino et al., 1986). After incubation for 2 h at
45°C, the reaction mixture was cooled and the double-
layered particles were removed from the mixture by cen-
trifugation for 30 min at 105,000 g. Viral transcripts were
ROTAVIRUS MINUS-recovered from the sample by phenol:chloroform extrac-
tion and ethanol precipitation and were stored at 285°Cuntil used. The RNAs were visualized by electrophoresis
on 7% polyacrylamide gels containing 7.5 M urea (Patton
et al., 1999b).
Synthesis of gene 6 and 8 mRNAs
T7 transcription vectors containing full-length cDNAs
of rotavirus gene 6 or 8 RNAs (Patton et al., 1996, 1997)
were linearized by digestion with SacII. To remove 39-
overhangs generated by the restriction enzyme, the DNA
was then treated with T4 DNA polymerase (Patton et al.,
1996). Full-length gene 6 and 8 mRNAs containing au-
thentic 59- and 39-terminal sequences were produced
from the linearized DNA with an Ambion T7 MEGAscript
transcription kit according to the protocol of the supplier.
Reaction mixtures (20 ml) contained 2 mg of DNA tem-
plate and were incubated for 3 to 5 h at 37°C. RNAs were
purified from the mixtures by phenol:chloroform extrac-
tion and isopropanol precipitation, and their quality was
assessed by electrophoresis on 5% polyacrylamide gels
containing 7 M urea (Patton et al., 1996). The concentra-
tion of RNAs was calculated from optical densities at 260
nm.
Open core system
Assays with open cores were performed as described
by Chen et al. (1994) with minor modifications. The reac-
tion mixtures (20 ml) contained 50 mM Tris–HCl buffer
(pH 7.1), 5 mM magnesium acetate, 1.5% polyethylene
glycol, 5 mM dithiothreitol, 60 mM each ATP, CTP, and
TP, 6 mM UTP, 1.5 mCi of [a-32P]UTP (3000 Ci/mmol), 1
mg of open cores, and the indicated amounts of mRNA.
After incubation for 2 h at 32°C, the reaction mixtures
were mixed with sample buffer containing SDS and
placed for 10 min at 20°C. RNAs in the mixtures were
resolved by electrophoresis on 8% polyacrylamide gels
(Patton et al., 1999b) and the radiolabeled RNA products
were detected by autoradiography and quantified with a
phosphorimager. In some cases, the RNA products were
resolved by electrophoresis on a 20% polyacrylamide gel
containing 7 M urea.
Antisense oligonucleotides
The oligodeoxynucleotides were designed based on
the sequences reported for gene 5 (Genbank Accession
No. AF290883), gene 6 (L33365), and gene 8 (L04532) of
rotavirus SA11. The sequences of the gene-5-specific
oligonucleotides are given in Fig. 2. The sequences of
the gene 6 and gene 8 primers, G6-39-C14 and G8-39-
C14, were 59-GGTCACATCCTCTC-39 and 59-GGTCA-
CATAAGCGC-39, respectively.
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